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Abstract:
The axion is a hypothetical, well-motivated dark-matter particle whose existence would ex-
plain the lack of charge-parity violation in the strong interaction. In addition to this original
motivation, an ‘axiverse’ of ultra-light axions (ULAs) with masses 10−33 eV . ma . 10−10 eV
also emerges from string theory. Depending on the mass, such a ULA contributes to the
dark-matter density, or alternatively, behaves like dark energy. At these masses, ULAs’ clas-
sical wave-like properties are astronomically manifested, potentially mitigating observational
tensions within the ΛCDM paradigm on local-group scales. ULAs also provide signatures on
small scales such as suppression of structure, interference patterns and solitons to distinguish
them from heavier dark matter candidates. Through their gravitational imprint, ULAs in
the presently allowed parameter space furnish a host of observational tests to target in the
next decade, altering standard predictions for microwave background anisotropies, galaxy
clustering, Lyman-α absorption by neutral hydrogen along quasar sightlines, pulsar timing,
and the black-hole mass spectrum.
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3I. AXIONS: MOTIVATION & BACKGROUND
The nature of dark matter (DM) and dark energy (DE) that dominate the energy den-
sity of our universe remains a mystery. Axions are hypothetical particles proposed in the
1970s [1–3], and could constitute significant fractions of the DM and DE. They could resolve
challenges to the Λ cold dark matter (CDM) cosmology on small scales and impact cos-
mological observables [4], like the CMB. Axions are characterized by a mass ma measured
in eV, and ‘decay constant’ fa, which determines the importance of axion self-interactions.
Beyond their original motivation to solve the charge-parity symmetry problem of Quantum
Chromodynamics (QCD), axions also arise in many “beyond the standard model” (BSM)
theories of particle physics, such as string theory [5–7]. There could be many (∼ 200) axion
species [8], and evidence for even one could hint at a larger “axiverse” [9–13].
For DM and DE to have the right abundances, the parameter ranges [10]
10−33 eV ≤ ma ≤ 10−2 eV; 107 GeV ≤ fa ≤ 1018 GeV . (1)
are of particular interest. In these ranges, axions are produced non-thermally, thus evading
hot DM bounds.1 Early on, when the Hubble parameter H . mc2/~, axions have equation-
of-state parameter w ' −1 and their density scales as ρ ≈ constant [15, 16]. Afterwards,
the axion field begins to rapidly oscillate, and on average, w ' 0, with ρ ∝ (1 + z)3 [17, 18],
where z is the cosmological redshift. Depending on when this transition occurs, axions can
contribute to either the DM or DE of the universe. An axion with ma . 10−27 eV will
behave as early DE, while one with ma . 10−33 eV behaves as standard DE and can drive
cosmic acceleration today. Heavier axions behave as DM.
A variety of experimental and observational techniques could detect axions, such as radio-
frequency resonance techniques [19, 20], nuclear magnetic resonance methods [21, 22], tele-
scope searches [23], and others [24–28]. These rely on axion couplings to standard model
(SM) particles, which scale as f−1a [10, 29]. Direct detection relies on a large cosmic den-
sity Ωa and knowledge of the local DM density. Laboratory searches probe the ranges
10−17 eV . ma . 10−2 eV and 109 GeV . fa . 1016 GeV.
Axions would enhance stellar cooling [23, 30–34], affecting stellar populations and aster-
oseismology [23, 30, 35]. Axions can also be detected through their gravitational signatures
if their Compton wavelength λC is astronomically relevant. If ma ' 10−10 eV, λC is com-
parable to the Schwarzschild radius of a stellar mass black hole (BH). Axions could then
spin down BHs [9, 36]. If ma ' 10−33 eV, λC is comparable to the cosmic horizon, and
axions could cause present-day cosmic acceleration. These scales bracket the gravitational
ultra-light axion (ULA) window, where it is possible to search for axions using only their
gravitational interactions, with no reliance on their (highly suppressed) couplings to the SM.
Gravitational effects are entirely complementary to other signatures. We refer to all such
particles as ULAs, noting the existence of other terms, like axion-like particles (ALPs) and
weakly interacting slim particles (WISPs) [37]. We focus on real fields like the axion, but
we note that complex scalar fields with ma ' 10−22 eV are also a DM candidate [38]. They
behave as axions at early and late times, but redshift as ρ ∝ (1 + z)6 and then (1 + z)4 at
intermediate times, with distinct CMB and gravitational-wave signatures [38].
Cosmological observations are uniquely able to probe the ULA relic density, Ωa (which
is set by ma, fa, and dimensionless initial field value θi). If fa ∼ 1016 GeV, the energy scale
1 There may also be a thermal sub-population, tested by measurements of Neff [14].
4of Grand Unified Theories or GUTs, and θi ≈ 1, ULA densities could be cosmologically
relevant. For comparison’s sake, we note that CMB and large-scale structure observations
have established that the DE density is ΩΛ = 0.685 ± 0.007, the DM density is Ωc =
0.264 ± 0.007, and relic neutrinos must have Ων ≤ 0.005 [39]. For masses in the range
10−33 eV . ma . 10−16 eV the relic density is in the range 10−4 . Ωa . 1, as shown in
Fig. 1. Larger ULA densities correspond to even larger values of fa, approaching the Planck
scale, 2.4×1018 GeV. If some of the dark sector is composed of ULAs, then, the cosmological
observables test low ma and large fa values, well beyond the reach of other techniques. The
GUT prediction for Ωa motivates exploration of the entire ULA mass window. We treat Ωa
and ma as free parameters, keeping an open mind to a wide range of theoretical scenarios.
II. AXIONS AND CHALLENGES TO ΛCDM
Let us not only ask what astrophysics can do for axions, but also what can axions do
for astrophysics. ULAs could explain late-time cosmic acceleration, or compose some of the
DM [4, 40–45]. They could cause an early DE epoch [46], thus mitigating tensions between
CMB and local measurements of the Hubble constant H0. ULAs recover the successes of
pure ΛCDM on large scales but alleviate challenges to ΛCDM on small scales [4, 47]. Some
dwarf galaxy DM halo profiles exhibit cores in their central density profiles, in contrast
with naive ΛCDM predictions [47]. If ULAs exist and compose a significant fraction of
DM, their macroscopic de Broglie wavelengths would cause galactic halo density profiles to
have cores at ∼ 0.7 (ma/10−22 eV)−1/2 kpc scales, possibly explaining observations of cores
in Milky-Way dwarf Spheroidal galaxies [4, 48–55]. In particular, a dynamical analysis of
Fornax and Sculptor yields ‘hints’ of a ULA solution to CDM small-scale problems with
0.3× 10−22 eV . ma . 10−22 eV [51].
By suppressing the growth of cosmic structure on the smallest scales, ULAs in this mass
range could address challenges to the ΛCDM paradigm, such as the paucity of Milky-Way
satellite galaxies compared to expectations, by suppressing the number of low-mass subhalos
around Milky-Way scale halos. ULAs in this window would also address the “too big to
fail problem”, the surprising depression of satellite galaxy masses in halos relative to ΛCDM
expectations [10, 11, 50, 56]. The region of interest is shown as “ULA hints” in Fig. 1, where
we also show current constraints and possibilities for new probes. The properties of the ultra-
faint dwarf galaxy Eridanus II exclude most of the ULA mass window 0.8 × 10−21 eV .
ma . 10−19 eV [57]. There are other tests of ULA DM using galactic dynamics [58–61].2
Axions may behave as a coherent macroscopic low-momentum state wave, referred to as
Bose-Einstein condensate (BEC) dark matter [62–67]. Other ultra-light particles can dis-
play similar behavior, although the mass scale will determine the astrophysical phenomenol-
ogy [68, 69]. If axions thermalize gravitationally, there could be galaxy-scale BECs [62],
yielding caustic rings that are testable using galaxy rotation curves [68, 70–73]. The self-
interaction of these particles is meaningful in determining the scale of stability of the BEC
[65]. Axions have attractive self-interactions at leading order and thus fail one requirement
for stable large-scale Bose condensation, the presence of repulsive self-interactions [65, 74–
76]. This could lead to much-smaller coherence lengths, producing solitons or “axion stars”
and “axteroids”[65, 77–83] (with mass ∼ 10−11M for QCD axions). For ULAs, solitons are
more massive, ∼ 106 → 109 M, and could constitute dwarf galaxy density cores [11, 84],
with implications for halo structure and detection prospects. We explore the opportunities
for astrophysical ULA detection in the next decade, starting with the CMB.
2 There are also baryonic explanations for these puzzles, and they will soon be critically tested.
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Figure 1. The cosmic window on ultralight axions, showing the reach of various astronomical
probes. Shaded regions are currently excluded. Lines below them indicate the sensitivity of future
experiments/surveys. ULA hints refers to the ULA mass scale suggested by MW-scale challenges.
Local group schematic, Credit: J. T. A. de Jong, Leiden University. Planck CMB map, Credit
ESA, http://www.esa.int. Black-hole super-radiance schematic [85] used with permission from
American Physical Society, License RNP/19/MAR/012767. PTA Schematic Image Credit: David
Champion. Lyman Alpha Schematic, Image Credit: Ned Wright. Reionization schematic used
with permission from artist, J. F. Podevin, originally used in Ref. [86].
III. AXIONS AND THE CMB
In the DE-like mass window, ULAs roll slowly down their potential as a dark-energy
component, shifting CMB acoustic peaks to smaller angular scales (higher `), and increasing
the largest scale anisotropies due to gravitational potential-well decay for 0 . z . 3300
[15, 16, 87–90]. In the DM-like mass window, the imprint of ULAs on the Hubble expansion
and perturbation growth alters peak heights measured in the temperature and E-mode
polarization power spectra [44, 88, 89, 91, 92]. ULAs manifest wave-like properties on
cosmological scales, suppressing density fluctuations the ULA comoving “Jeans scale” λ .
λJ ≡ 0.1 Mpc (ma/10−22 eV)−1/2(1 + z)1/4 [4, 10, 43, 44, 89, 92–98], affecting comoving
wavenumbers k > 2pi/λJ. This affects the strength and scale-dependence of gravitational
lensing of the CMB [99–102].
In the window 10−32 eV . ma . 10−26 eV, the imprint of these effects and Planck satellite
data impose the constraint of Ωa . 10−2, as shown in Fig. 1 [98, 103]. Fig. 1 includes the
effect of CMB lensing, which improves sensitivity by a factor of ∼ 3 compared with the
unlensed CMB or galaxy clustering. For ma . 10−32 eV (or ma & 10−25 eV), ULA effects
on CMB/galaxy clustering signatures are indistinguishable from a cosmological constant (or
DM) with current data, lifting these constraints [89].
In the next and coming decades, very sensitive experiments like the Simons Observatory
(SO) [104], CMB Stage-4 (CMB-S4) [105], and PICO [106] (e.g., map noise levels of 6 µK-
arcmin, 1 µK-arcmin, and 0.6 µK-arcmin, respectively) will achieve nearly cosmic-variance
limited measurements of CMB primary anisotropies, and reduce lensing reconstruction noise
6by a factor of ∼ 20. CMB-S4 should improve ULA sensitivity to Ωa ∼ 10−3 at the most
constrained ma values and probe the range ma ∼ 10−23 eV [96]. CMB lensing will drive
future tests of BSM scenarios [96]. Additionally, electromagnetic couplings of ULAs will
produce additional signatures from CMB anisotropies, including CMB spectral distortions
[107–111].
Unique among DM candidates, axions with fa & HI imply the presence of a low-mass
field during the inflationary era, exciting DM (isocurvature) fluctuations that are statistically
independent from baryons, neutrinos, and radiation [112–118]. This would cause a phase
shift and low-` amplitude change in the CMB peaks [119]. The size of this ULA imprint
would be controlled by HI . HI sets the amplitude of the inflationary gravitational-wave
(GW) background, which is detectable through CMB B-mode polarization, parameterized
by the tensor-to-scalar ratio r [120, 121]. In the mass window 10−25 eV . ma . 10−24 eV,
current data allow a ∼ 10% contribution of ULAs to the DM along with ∼ 1% contributions
of isocurvature and tensors to the CMB power spectrum [96].
Detecting primordial B-modes is a science driver for ground-based CMB observatories
and future space missions (e.g. Spider [122], BICEP2-3/Keck Array [123, 124], CLASS
[125], Simons Array [126], SO [127], CMB-S4 [105], LiteBIRD [128]), and PICO [106]).
These efforts could probe values r ∼ 10−4 → 10−3. Cosmological probes of Ωa and the
inflationary energy scale [88, 129–132] are thus complementary. For Ωa saturating current
bounds, the combined isocurvature and lensing sensitivity of CMB-S4 would probe values
HI & 1013.3 GeV [98, 105]. A detection of primordial B-modes at S4 sensitivity levels would
test ULA contributions at the level of Ωa ' 0.01 [98, 105]. Foreground cleaning techniques
may even allow measurements of the lensing power spectrum to multipoles of L ∼ 40, 000
[133]. The CMB could then distinguish between pure CDM and ULAs, in the preferred
∼ 10−22 eV window hinted at in the Milky Way [47, 50, 56]. This window will be tested by
other structure formation probes.
IV. OPTICAL & INFRARED SURVEYS
Another probe of axions is the clustering power spectrum Pg(k) of galaxies, which has
already imposed the limit Ωa ∼ 3 × 10−2 at the most constrained ma values, comparable
to the unlensed CMB alone [89, 134]. The Large Synoptic Survey telescope (LSST) will
produce surveys that improve error bars in Pg(k) as well as weak lensing observables and
thus sensitivity to Ωa by an order of magnitude [135]. Additionally, future space missions
like Euclid and WFIRST will improve sensitivity to the matter power-spectrum Pδ(k) by an
order of magnitude [136–139]. Lyman-α (Lyα) absorption of quasar emission depends on the
optical depth of neutral hydrogen, and is sensitive to DM densities at early times [140–145].
Depending on modeling details, the data impose a limit of ma & 1→ 40×10−22 eV, if ULAs
compose all of the DM.
Next-generation spectroscopic surveys like the Dark Energy Spectroscopic Instrument
(DESI), Euclid and WFIRST will improve sensitivity to the matter power-spectrum Pδ(k)
from Lyα measurements by an order of magnitude [146]. The small-scale power in ULA
models relative to ΛCDM models scales as (λ/λJ)
8 ∝ m4a, and so these measurements could
push the ULA mass limit as high as ma & 4→ 160× 10−22 eV. There are also prospects for
Milky-Way scale effects. LSST’s complete census of ultra-faint dwarf galaxies in the Milky
Way will test extensions to standard ΛCDM, including ULAs [135]. An ultra-faint dwarf
census can put an upper limit on Mhalf , the mass scale below which r.m.s density fluctuations
fall to half their ΛCDM values [147]. LSST could test Mhalf values of 10
6M, probing values
ma & 10−19 eV [147].
7The reionization of the universe occurred around redshift z ∼ 6 and is tied to structure
formation at early times and small scales. CMB constraints to the Thomson scattering
optical depth from reionization and measurements of the galaxy luminosity function depend
on the low mass galaxy population, and would be impacted by a significant fraction of
ULA DM [148]. Current observations allow the range ma ≥ 10−22 eV. Future James Webb
Space Telescope (JWST) observations will constrain the UV galaxy luminosity function to
rest-frame magnitudes of MUV = −16, beyond the MUV = −17 cutoff of 10−22 eV ULA
DM, testing the ULA explanation for challenges to ΛCDM. Significant sensitivity will come
from the non-linear regime [149], and so comparisons between N-body [150], fluid [151],
Schro¨dinger [152–156] and Klein-Gordon approaches are essential, as is consideration of
self-interactions [97, 103, 141, 145, 157].
V. BLACK HOLES AND GRAVITATIONAL WAVE ASTRONOMY
In the coming decade, pulsar timing arrays could detect a stochastic background of GWs
down to ∼ 10−9 Hz or individual ∼ 109M supermassive black hole (BH) binaries. If DM
has a significant ULA component, the Milky Way gravitational potential will oscillate [on
time scales δt ' 20 ns (ma/10−23 eV)−3(Ωa/0.3)], within reach of pulsar timing efforts like
NANOGrav and the Parkes Pulsar Timing Array (if ma . 10−23 eV) [158], and distinct
from GW signals. The Square Kilometer Array (SKA) will improve sensitivity to Ωa by
an order of magnitude [158]. Reaching values ma & 10−22 eV requires hundreds of new
millisecond pulsars [158], though the detailed density profiles of ULAs [159] could improve
sensitivity. Collisions and mergers of ultra-compact solitons could generate gravitational
waves in addition to standard sources (BHs and neutron stars) [160–162].
Another powerful phenomenon is BH Superradiance (BHSR) [9, 10, 36, 85, 163]. If
ULAs exist, they would form bound states near spinning BHs. An instability would lead
to the spin down of BHs with Kerr radii comparable to their ULA Compton wavelengths,
while transitions between bound states could lead to GW emission, enhanced in binary
systems [164]. The existence of stellar and supermassive BH populations rules out ULAs
with 6 × 10−13 eV . ma . 2 × 10−11 eV and 10−18 eV . ma . 10−16 eV [85, 163].
Future measurements of the BH mass function by Advanced LIGO could push the lower
limit of the stellar mass ULA window down to 1× 10−13 eV. In the Advanced LIGO band,
detections are possible in the ma ∼ 10−10 eV range, while the LISA band is sensitive to
values ma ∼ 10−17 eV [36].
VI. CONCLUSIONS & RECOMMENDATIONS
Ultra-light axions could be an important component of the dark sector, as late-time
dark energy, early dark energy, or dark matter, depending on the axion mass. This merits
attention in the next decade, especially if searches for weakly interacting massive particles
(WIMPs) yield null results [165]. We make the following recommendations:
• Support proposed CMB [105, 106, 127] and large-scale structure surveys [135–139].
• Support independent investigations in theory, simulations and data analysis, as well
as comparisons of diverse methods via interaction between groups worldwide.
• Support development of novel probes, from ultra small-scale CMB experiments [133]
to X-ray studies of neutron star cooling [166] and very large samples of pulsars [158],
so that the window for all ultra-light axion dark matter 10−23 eV . ma . 10−19 eV is
decisively probed via diverse methods, on the small scales where discovery potential
is greatest.
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